The performance of a simple gold (Au)-deposited optical fiber sensor system based on surface plasmon resonance (SPR) is presented. Our sensor system comprises a light-emitting diode (LED) and a photodiode (PD) as the light source and the detector, respectively. The response curves and sensor properties of the Au-deposited optical fiber with a Au film thickness of 45 nm obtained by using three LEDs with 563, 660, and 940 nm emissions were investigated. The sensor properties depend strongly on the wavelength of the incident light and can be controlled by changing the LED emission wavelength. The response curves of the sensor obtained at the three wavelengths and calculated using SPR theoretical equations were compared with those obtained by experimentation. Our sensor system represents a new SPR-based refractometer with performance almost equal to that of an Abbe refractometer. To demonstrate its usefulness, ethanol concentrations in various spirits were measured and the results compared with those as labeled.
Introduction
An optical fiber sensor system based on surface plasmon resonance (SPR) enables determination of the refractive index (RI) of a sample with high accuracy. It allows the development of remote sensing, continuous analysis, and in situ monitoring with an inexpensive and disposable sensor element. [1] [2] [3] Gold (Au) and silver (Ag) are the most widely used metals for the sensor elements and the sensor properties depend on the dielectric constant (εr + εii) of the deposited metal. [4] [5] [6] [7] Sensor systems which scan the wavelength [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or change the angle of incident light [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] have been proposed. Though other types of sensor system based on SPR do not require a change in the incident angle, they do need many optical parts for their construction. [29] [30] [31] [32] [33] [34] [35] [36] [37] Theoretical analyses and modeling for the responses of metal-deposited optical fiber sensors have been carried out. [38] [39] [40] [41] [42] Previously, we developed a small and simple Au-deposited multi-mode optical fiber sensor, in which the core of the optical fiber was coated entirely with a Au film, and the transmitted light intensity of a He-Ne laser (632.8 nm) through the sensor was measured without scanning the wavelength or changing the angle of the incident light. [43] [44] [45] [46] [47] [48] The sensor properties were evaluated by analyzing the responses for various samples. [43] [44] [45] [46] [47] [48] We then simplified the structure of the sensor element of the Au-deposited optical fiber sensor; the Au film was deposited on only half of the core of the optical fiber and the deposited metal film had a geometric thickness distribution. 49 This simplified sensor element exhibited better properties than those of our previous sensor elements. 49 Furthermore, we also fabricated metal-deposited optical fiber sensors using Cu and Al and reported the response curves and sensor properties for the first time. 50 The sensor properties of Al-deposited and Ag-deposited SPR optical fibers were studied thoroughly along with the surface characterization of these metal films by atomic force microscopy and X-ray photoelectron spectroscopy. 51, 52 These sensors promise the development of a new analytical technique for use in SPR sensing applications.
In the present paper, we report a simple sensor system using the Au-deposited SPR optical fiber as the sensor element. The sensor system consists of a light-emitting diode (LED) as the light source, a sensor cell having the sensor element in it, and a photodiode (PD) as the detector. The sensor properties depend strongly on the wavelength of the incident light and can be controlled by changing the LED emission wavelength. The response curves and sensor properties of the Au-deposited optical fiber sensor with a maximum Au film thickness of 45 nm obtained by using three LEDs having different emission wavelengths (563, 660, and 940 nm) were investigated. Numerical calculations of the response curves for the sensor with the wavelengths of the incident light were performed and the theoretical curves were compared with the corresponding experimental results. This SPR sensor system represents a new type of refractometer with easy construction and operation. Ethanol concentrations in various spirits were measured to demonstrate the usefulness of this SPR sensor system.
Experimental
A schematic representation of the sensor cell and the sensor system is shown in Fig. 1 . The preparation of the sensor elements of the metal-deposited optical fibers has previously been reported. [49] [50] [51] [52] A part (10 cm long) of the clad and the jacket of a step-index multi-mode optical fiber (Showa Electric Wire & Cable NJ-PF200/300) was removed by immersing the optical fiber in concentrated sulfuric acid. A Au film was deposited on half of the core (200 μm in diameter) of the optical fiber by evaporation of Au (Ishifuku Metal Industry, >99.99%) at a rate of 1.0 nm/s in a high vacuum (< 6 × 10 -4 Pa) at room temperature. The deposited Au film has a geometric thickness distribution in which the maximum value (45 nm) represents the thickness of the deposited metal. [49] [50] [51] [52] The uncertainty of the Au thickness was less than 0.2 nm. The sensor element and Teflon tubes for sample inlets and outlets were fixed in a glass tube (12 cm long and 0.3 cm in diameter) with resin to form a sensor cell. Methanol solutions of ethylene glycol or benzyl alcohol maintained at 25 C, or aqueous solutions of ethanol maintained at 15 C, were then allowed to flow through the sensor cell.
An edge of the optical fiber of the sensor element was illuminated with an LED and the light intensity transmitted through the sensor was converted to a dc current with a PD (Hamamatsu S2386-44K). The optical characteristics of the LEDs used for the sensor system are shown in Table 1 . The PD exhibited sensitivity to wavelengths from 320 to 1100 nm. Using a resistor (513 kΩ), the dc current was converted to a voltage that was then measured with a digital voltmeter (Kikusui 1502) or a digital multimeter (Yokogawa 755501-1). The light intensity was also converted to digital data by using the digital multimeter as an A/D converter and then monitored with a computer (NEC PC-9821 Xs). The refractivities of the samples were measured with an Abbe refractometer (Atago DR-A1) and the uncertainties were less than 0.002 RI units.
Results and Discussion
Sensor properties of the Au-deposited optical fiber Figure 2 shows the response curves of the Au-deposited optical fiber sensors with a film thickness of 45 nm obtained by using three different LEDs as the light source for methanol solutions of ethylene glycol maintained at 25 C in the refractivity range of 1.327 to 1.430 RI units. The transmitted light intensities for the solutions were measured and normalized by those obtained for the solvent (methanol) at 1.327 RI units. The refractivities at the minima in the response curves of the sensor are shown in Table 2 . The values of the refractivities at the minima are averages of those obtained between five and nine response curves for different measurements of the sensors, each with uncertainty values of less than 0.003 RI units. It was found from the response curves that the response of the sensor depends on the wavelength of the light source. Additionally, it was found that the minimum in the response curve shifts to a higher refractivity and the response range widens as the wavelength increases. The full width at half maximum (FWHM) (0.062 ± 0.003 RI units) of the response curve of the sensor with the red (660 nm) LED is almost equal to that (0.065 ± 0.009 RI units) of the response curve of the sensor with a He-Ne laser (632.8 nm). 49 This agreement shows that the broadening of the response curve due to the width (25 nm) of the wavelength of the LED used is negligible in this sensor system.
The sensor properties are summarized in Table 3 . The response is the minimum intensity in the response curve. The slope (sensitivity) and range are the values for the calibration curve for a sample solution up to the refractivity with the correlation coefficient shown in Table 3 . The sensor with the yellowish green (563 nm) LED exhibits almost no sensitivities in the lower refractivity range, however, it has a positive sensitivity in the higher refractivity range. The sensitivity and range are 13.5 ± 1.1 and from 1.365 to 1.405 RI units, respectively. The sensor with the red (660 nm) LED has a narrow response range (1.327 -1.363 RI units), however, it has a high sensitivity (-15.3 ± 0.2). Though the sensor with the infrared (940 nm) LED has a low sensitivity (-3.6 ± 0.4), it has a wide response range (1.327 -1.368 RI units). The sensitivity of the sensor with the infrared (940 nm) LED becomes higher at higher refractivities (>1.385 RI units) near the minimum of the response. These results show that desirable properties of the sensor can be obtained by the selection of the wavelength of the LED light source.
The responses of a Au-deposited optical fiber sensor with a film thickness of 45 nm were obtained by using the red (660 nm) LED to methanol solutions of benzyl alcohol with various concentrations at 25 C, as shown in Fig. 3 . The concentration of the solution is a volume% (%, v/v). The refractivities and changes of the sample solutions are also shown in the figure. When the sample solutions were introduced into the sensor cell, the transmitted light intensity of the Au-deposited optical fiber sensor decreased after 0.25 min following sample introduction and became a constant value within 0.5 min. The delay of 0.25 min is caused by the sample flow through the inlets of the sensor cell. The response time (0.5 min) is the time required for a complete exchange of the sample solution in the sensor cell. The detection limit of 0.04% and the change of 1.0 × 10 -4 RI units with a signal to noise ratio (S/N) of 3.4 were obtained by computer analysis. The signal was defined as a difference between the average of transmitted light intensities over a period of 0.5 min in methanol before sample introduction and that of transmitted light intensities for the same period of 0.5 min after the light intensity became constant. The noise was twice that of the standard deviation of the transmitted light intensities for 0.5 min of the sample solution after the response. Though the detection limit is lower than that (0.02% and a change of 5.6 × 10 -5 RI units for benzyl alcohol) of our Au-deposited optical fiber sensor system with a film thickness of 45 nm obtained by using a He-Ne laser (632.8 nm), 49 the values (0.04% and 1.0 × 10 -4 RI) of the Au-deposited optical fiber sensor with the red (660 nm) LED are almost equal to those of the Abbe refractometer (Atago DR-A1) used.
Theoretical analysis of the response curves
The principal and models for the SPR response of metal-deposited optical fiber sensors are based on the Kretschmann configuration. [38] [39] [40] [41] [42] Xu et al. 38, 40 assumed that the models of SPR for bulk optics are satisfied by meridional rays in optical fibers. They calculated the optical power transmittance of a Au-deposited multi-mode optical fiber sensor as a function of wavelength. We have also considered the meridional rays and assumed a single reflection without a range of incident angles in the metal-deposited multi-mode optical fibers with Au, Ag, Cu, and Al for simplicity. 47, [49] [50] [51] [52] We calculated the response curves of the sensors with these metal films having a geometric thickness distribution. 47, [49] [50] [51] [52] The theoretical response curves of the Au-deposited optical fiber sensor by using the three light wavelengths (563, 660, and 940 nm) without a wavelength distribution were calculated from the following Eqs. (1) - (5) for simplicity, and the results are shown in Fig. 4 .
The propagation constant of the evanescent wave (kev) is expressed as: 
where k0 is the dispersion relation of the SPR of a metal-vacuum interface in a one-sharp boundary model, kr the perturbation to k0 due to the finite physical volume of the metal (thickness: dm), εs the dielectric constant of a sample approximated by εs = ns When Eqs. (1) - (3) satisfy Eq. (4), the SPR phenomenon occurs and a part of the incident light is absorbed:
The intensity distribution for an incident angle of the LED light was assumed and calculated as the following equation: 
The reflectivity at the interface between the core and the sample was assumed to be unity below 1.462 RI units where the total reflection occurs. The calculation was carried out for the refractivities from 1.327 to 1.462 RI units with the assumption that the reflectivity in the angle range (θ ± Δθ) of SPR becomes zero. The half (1.0 ) of the widths (FWHM) in the SPR spectra of the Au films for the refractivities of 1.330 and 1.375 RI units was used for the value of Δθ. 50 The deposited Au film layer on the half of the core has a geometric thickness distribution as shown in our previous paper, 49 and thicknesses (dm) in the range of 30 nm to the maximum value (45 nm) were used for the calculation, because thicknesses (dm) below 30 nm did not satisfy the SPR conditions for the calculation. All the films with these thicknesses (dm) were also assumed to have an equal efficiency for SPR. 49, 50 The theoretical response curves were finally normalized by the intensities at 1.327 RI units for the solvent. Figure 4 shows the theoretical response curves of the sensor with a Au film thickness of 45 nm for the wavelengths of 563, 660, and 940 nm. A general agreement between the theoretical calculations and the experimental results was obtained. The theoretical response curves of the sensor are sharper and shallower than the experimental curves. This is based on the simple assumption that the reflectivity in the angle range (θ ± Δθ) of SPR becomes zero if a single reflection is employed without a range of angles, which is in spite of an angle distribution in the SPR spectrum in a multiple reflection, and the range of incident angles in the multi-mode optical fiber. 47, [49] [50] [51] [52] The intensity distribution of the LED used in the theoretical calculations may be narrower than the actual distribution. The theoretical response curves have slight asymmetrical shapes caused by the responses of the thinner parts of the films at higher refractivities. [49] [50] [51] [52] The response of the theoretical curve becomes higher as the wavelength increases in contrast to the experimental curve. This is probably due to the neglect of the imaginary part of the dielectric constant of the Au films. Differences in the dielectric constant between the very thin films and the thicker films used in the present theoretical calculations may be present. As discussed below, broadenings of the response curves due to the widths of the wavelength of the LEDs used were estimated to be 0.004 -0.008 RI units. These theoretical curves show that our theoretical analysis is applicable to the responses of the sensor in this wavelength range.
The refractivities at the minima in the theoretical response curves are shown in Table 2 . The uncertainties caused by that (± 0.1 ) of Δθ (1.0 ) were estimated to be less than 0.001 RI units. The major uncertainties are due to the peak widths (FWHM) of the LEDs used. They were estimated to be ±0.004 RI units (563 and 660 nm) and ±0.002 RI units (940 nm) from the values of the wavelengths at λ ± (FWHM)/2 and the values of εm at the wavelengths. Though the agreement between the measured values and calculated values is poor at 563 nm because of the low value of εm, the theoretical analysis shows that our model for the response of the Au-deposited optical fiber is appropriate to evaluate the sensor properties in the wavelength range of 660 -940 nm. Figure 5 shows the calibration curves for aqueous solutions of ethanol from 0 to 50% alcohol by volume (% ABV) in the refractivity range of 1.333 to 1.360 RI units measured by the Au-deposited optical fiber sensor with a film thickness of 45 nm obtained by using the red (660 nm) LED at 15 C. Though both the calibration curves are curved in these ranges, a straight line with a correlation coefficient of 0.997 was obtained in the calibration curve for the refractivity in the range of 1.333 to 1.350 RI units. These calibration curves were used for the analyses of ethanol concentrations in various spirits. Table 4 shows the ethanol concentrations of the eight spirits measured with this sensor system.
Analysis of spirits
The values of the concentrations are averages of those obtained from two measurements and the uncertainties are less than 0.2% ABV. Reasonable agreements between the values measured and those as labeled were obtained. The concentration of shochu is in the range of 25 to 26% ABV according to Japanese liquor tax law.
The labeled values other than those of shochu are volume% (%, v/v) and were measured at unknown temperature. Discrepancies of about 1% from the labeled values may be caused by these differences. These results show that this simple SPR sensor system is useful for the analysis of ethanol concentrations in samples produced in a distillery.
Conclusions
We present a simple sensor system using a Au-deposited optical fiber based on SPR with an LED as the light source and a PD as the detector. The sensor properties of the Au-deposited optical fiber are strongly correlated with the dielectric constant of a Au film and depend on the wavelength of the incident light. Desirable sensor properties can be obtained by changing the LED. The broadening of the response curve due to the width of the wavelength of the LED is negligible. The response curves of the sensor with the wavelengths (660 -940 nm) of the LEDs agreed reasonably with those calculated from SPR theoretical equations taking into account the thickness distribution in the deposited Au film. This sensor system is a new refractometer with the performance similar to an Abbe refractometer and has the advantages of easy construction and operation. Ethanol concentrations in various sprits were measured with this sensor system and the results demonstrated its usefulness in SPR sensing applications in industries. 
